Abstract Blood pressure is typically lower in premenopausal women than in men. However, after menopause, the prevalence of hypertension in women is higher than it is in men. Hypertension is a major risk factor for cardiovascular disease in women and men, but cardiovascular disease is the leading cause of death in women. Furthermore, there is evidence that blood pressure may not be as wellcontrolled in women as in men, despite the fact that most women adhere better to their therapeutic regimens and medications than do men, and have their blood pressures measured more frequently than do men. This review describes possible mechanisms by which blood pressure may be increased in postmenopausal women.
Introduction
Aging in both men and women is characterized by increases in blood pressure (BP) [1] [2] [3] 4 ••, [5] [6] [7] [8] , and the prevalence of hypertension in postmenopausal women is higher than it is in men [1] [2] [3] 4 ••], with 41% of postmenopausal women becoming hypertensive [4••] . Worldwide, 25% of adult women are hypertensive [5] , and in the United States, more than 75% of women older than 60 years of age are hypertensive [4••, 6, 7] . In studies using the National Health and Nutrition Examination Survey (NHANES) IV (1999 IV ( -2004 dataset, the percentage of individuals with uncontrolled BP was 50.8±2.1% in men and 55.9±1.5% in women, despite the fact that a greater number of women had their BP measured in the previous 6 months [9] . Furthermore, a study that compared the NHANES III cohort (ending in 1999) with the NHANES IV cohort (ending in 2004) showed that hypertension was less well-controlled in women than men, although the drugs to treat hypertension were similar in men and women [9] . While nondipping of BP at night is associated with increased target organ damage in men and women [10] [11] [12] [13] [14] [15] [16] [17] [18] , there is evidence that nondipping in women in general is associated with greater target organ damage than in men [10, 12] , and postmenopausal women are more likely than premenopausal women to exhibit nocturnal nondipping of BP [10] . Thus, although antihypertensive treatments are similar in men and women, and women are more likely to have their BP measured, hypertension appears to be less well-controlled in women. This suggests that women may not be as aggressively treated for their hypertension as men and/or that the mechanisms responsible for hypertension in aging women may differ from those in men.
Role of Vasoconstrictors in Hypertension in Women
One mechanism by which BP may be increased in aging postmenopausal women is activation of the reninangiotensin system (RAS). Postmenopausal women exhibit increases in plasma renin activity [14, 15] , suggesting activation of the RAS. In addition, there may be a genetic component of the RAS that contributes to postmenopausal hypertension, as certain renin gene polymorphisms are associated with hypertension in women, aged 40 to 70 years, but not in men [16] . In postmenopausal spontaneously hypertensive rats (SHRs) that exhibit increases in BP with aging to levels that are similar to or higher than those of males, the angiotensin type 1 (AT1) receptor antagonist losartan reduced but did not normalize BP [17] , suggesting that RAS activation was not the only contributor to the postmenopausal BP increases in this model. Thus, the RAS may contribute to hypertension in postmenopausal women but may not be the only mediator.
Chronic infusion of angiotensin II (Ang II) has been shown to stimulate synthesis of preproendothelin [18] , another potent vasoconstrictor. When given chronically, endothelin causes increases in sodium reabsorption in the kidney and increases in BP [19, 20] . In postmenopausal women, plasma endothelin levels are increased [21] , suggesting that endothelin may play a role in the increased BP following menopause. The biological activity of endothelin is mediated by two receptors, the ET A and ET B receptors. The majority of the vasoconstrictor action of endothelin is thought to be mediated via the ET A receptors [22] . ET B receptors are thought to be coupled to nitric oxide (NO), and ET B receptor blockade is associated with increased BP in Ang II-treated rats [23] . Blockade of ET A receptors reduces BP in postcycling female SHRs but has no effect in young females or age-matched males [24] . These data support the contention that endothelin may contribute to the increased BP in postcycling female rats, but again, it is not the only mechanism. Whether there are changes in endothelin receptors in postmenopausal women that may contribute to BP increases has not been studied to our knowledge.
The mechanism by which endothelin increases in postmenopausal women is not clear. Endothelin synthesis can be upregulated by Ang II, as mentioned above [18] , and ET A receptors have been shown to mediate Ang II hypertension [22, 23, 25] . The role played by estradiol in determining endothelin levels is controversial. While untreated postmenopausal women have been shown to have elevated levels of endothelin, hormone replacement therapy (HRT) with either micronized 17β-estradiol and didrogesterone or conjugated equine estrogen and medroxyprogesterone results in further increases in endothelin levels [26, 27] . Elevated androgen levels that occur with menopause and aging could also increase endothelin levels. Transsexual individuals who receive androgens for masculinization have been shown to have increased plasma endothelin levels [28] , although the androgen levels produced by androgen supplements in transsexuals are significantly higher than in postmenopausal women. In contrast, activation of the RAS caused by androgen-mediated increases in angiotensinogen [29, 30] could also lead to increases in endothelin, as Ang II stimulates endothelin synthesis [18] . Increased endothelin is also a factor in endothelial dysfunction that occurs with aging. Finally, both endothelin and Ang II can contribute to oxidative stress [31, 32] , and a consequence of oxidative stress is reduction in NO. Markers of oxidative stress are increased in postmenopausal women [33] , and oxidative stress has been shown to increase BP by reducing the bioavailability of the vasodilator, NO [31, 32] . However, data from rat studies do not support a role for oxidative stress in contributing to BP control in females [34] . In human studies, antioxidant therapy (vitamins E and/or C) has not yielded a reduction in BP [35, 36] . In addition, in the presence of endothelial dysfunction, as occurs with aging and/or chronic diseases, NO levels are reduced, and without an intact NO system, antioxidants are unable to reduce BP [37] . Thus, the role that oxidative stress plays in mediating hypertension in postmenopausal women has not been adequately determined.
Role of Obesity in Postmenopausal Hypertension
Another mechanism by which BP may be elevated is the presence of obesity [38, 39] . Obesity is one component of the cluster of features known as the metabolic syndrome that also includes insulin resistance, type 2 diabetes, dyslipidemia, and hyperleptinemia, all of which could impact BP [38, 39] . The prevalence of obesity may be as high as 40% in postmenopausal women [38] . There are also ethnic differences in the prevalence of obesity in the United States. Recent data indicate that 23.3% of non-Hispanic white women and 41.9% of non-Hispanic black women are obese [38, 39] . Obesity has been shown to increase after surgical menopause and in women who started HRT within 12 months of amenorrhea [40] . There is also evidence that even if women do not gain additional weight after menopause, there is a redistribution of body fat favoring an increase in abdominal fat rather than subcutaneous fat in the region of the hips [41] . Weight that accumulates in the abdomen is associated with a higher incidence of cardiovascular disease than weight that is accumulated in the lower body [42] . Rossi and colleagues [43] reported that improvement in endothelial dysfunction and inflammation seen in response to antihypertensive medications was attenuated in postmenopausal women, aged 47 to 60 years, who exhibited symptoms of the metabolic syndrome. Thus, the presence of the metabolic syndrome may not only contribute to hypertension but may affect individual responses to antihypertensive therapies in postmenopausal women.
Whether body weight alone, or combination with obesity and features of the metabolic syndrome, such as insulin resistance, hyperglycemia, and dyslipidemias, contribute to increased BP and increase the risk of cardiovascular and renal disease is controversial. Comparison of data from the Framingham Offspring, Atherosclerosis Risk in Communities, and Cardiovascular Health cohorts over more than 8 years showed that abdominal obesity alone in these cohorts was not significantly associated with increased risk (odds ratio (OR)) of cardiovascular disease [42] . However, inclusion of one or two parameters of the metabolic syndrome and diabetes significantly increased the OR of contracting cardiovascular disease in both men and women, suggesting that the presence of metabolic abnormalities and diabetes is more indicative of cardiovascular disease risk than abdominal obesity alone.
Role of Sympathetic Activation in Postmenopausal Hypertension
Increased body weight, plasma leptin levels, and aging have been shown to cause sympathetic activation [44, 45•, 46] . In addition, increased body weight due to increased fat feeding in dogs is associated with BP elevation that can be prevented by renal denervation [47] , suggesting that the sympathetic nervous system influences the increase in BP seen with weight gain. Furthermore, obesity is associated with increases in plasma leptin [44, 48] , and infusion of leptin increases BP in animals [49] . Blockade of the sympathetic nervous system prevents this hypertensive effect [50] , thus implicating leptin in sympathetic activation. Leptin is thought to activate the sympathetic nervous system via activation of melanocortin (MC)4 receptors in proopiomelanocortin neurons in the hypothalamus [44, 48] . Blockade of these receptors reduces BP in obese rats [48] . These preclinical observations suggest the possibility that obesity and subsequent increases in leptin can yield increases in BP in pre-and postmenopausal women via activation of the sympathetic nervous system.
Whether sympathetic activation plays a role in postmenopausal hypertension is not clear, but it is known that sympathetic activity is higher in postmenopausal than in premenopausal women [51] . Whether sympathetic activity is increased in postmenopausal women who are not obese is controversial. Czarnecka and colleagues [52] reported that the levels of norepinephrine and leptin were higher in postmenopausal women than age-matched premenopausal women. In contrast, Hogarth and colleagues [51] found that both muscle sympathetic nerve activity (MSNA) and multiunit bursts (b-MSNA) were lower in postmenopausal normotensive and hypertensive women than in age-matched, normotensive and hypertensive men. Thus, the role of the sympathetic nervous system in hypertension in aging women needs further study.
Role of Estrogen/Androgen Ratios in Hypertension in Women
Whether the presence of estrogens protects against increases in BP in premenopausal women, and conversely, whether the lack of estrogens contributes to hypertension in postmenopausal women is controversial. For example, Olszanecka and colleagues [53] measured ambulatory BP in normotensive and hypertensive women, aged 40 to 60 years, and found that BP was similar within normotensive and hypertensive groups independent of menopausal status. Unfortunately, there have been no studies to our knowledge in which ambulatory BP has been measured serially over the perimenopausal transition in order to document any BP change with menopausal transition.
In experimental settings, many in vitro, estradiol has been shown to be cardiovascular protective [54] [55] [56] [57] 58 •]. However, large clinical trials of the effect of HRT in postmenopausal women have not supported these findings. The results of the Women's Health Initiative (WHI) [59] and HERS I and HERS II [60, 61] trials have not supported a role for HRT in primary or secondary prevention of cardiovascular disease. Similarly, HRT has not been shown to lower BP consistently in postmenopausal women [62] [63] [64] [65] [66] [67] . The mode of delivery of HRT (whether oral or transdermal), the dose (whether high or low), and whether estradiol itself or another preparation is used may play a role in the BP effect. For example, conjugated equine estrogen (CEE), a commonly used estrogenic HRT, is derived from the urine of pregnant mares and contains several other steroids, such as androgens. Many studies of the effect of HRT on BP are short term (ie, <1 year). Ichikawa and colleagues [68] found that transdermal hormone therapy for 12 and 24 months reduced diastolic and mean BP in normotensive postmenopausal women. In contrast, Prelevic and colleagues [69] studied healthy postmenopausal women who had been taking HRT for at least 5 years and found that there was either no effect on BP or that BP was in fact higher in some women using HRT. In a new evaluation of WHI, investigators have found that in younger postmenopausal women randomly assigned to the "estrogen only" arm of the study, there was a significant reduction in coronary heart disease after years 7 to 8 [70] . It is likely that BP also may have been favorably affected, although it was not an end point evaluated in this study.
Thus, whether the presence of estrogens protects young women from hypertension or loss of estrogens promotes hypertension in postmenopausal women is not clear. There is evidence that loss of estrogens at any age contributes to endothelial dysfunction, which is common in individuals with hypertension. For example, Taddei and colleagues [71] reported that endothelium-dependent, flow-mediated vasodilation (FMD) in response to acetylcholine, an index of endothelial dysfunction, was attenuated less with aging in premenopausal hypertensive women than in age-matched men, but after menopause, the FMD response was attenuated to the same extent in women and men. Attenuated FMD is prognostic of coronary artery disease risk in postmenopausal women [72] . Women with premature ovarian failure before age 40 years, also exhibit reduced brachial FMD compared with age-matched cycling women, but in these women, HRT with CEE and medroxyprogesterone for 6 months reversed the endothelial dysfunction [73] . In contrast, in the Women's Angiographic Vitamin and Estradiol (WAVE) trial, HRT had no beneficial effect on FMD in postmenopausal women [74] . The observation that HRT protected against endothelial dysfunction in young, but not in older, postmenopausal women, supports the contention that aging may change the response to HRT, and thus aging may independently contribute to increases in BP.
Endothelial dysfunction is typically characterized by reductions in NO. Estradiol stimulates NO production acutely by increasing intracellular calcium that activates endothelial NO synthase (eNOS or NOS3) [75] . In addition, estradiol increases NO chronically by upregulating the synthesis of eNOS via a genomic effect. Both acute and chronic effects of estradiol on NO promote vasodilation and thus reductions in BP [76] . Estradiol is a weak antioxidant, as it upregulates superoxide dismutase [77] , which removes superoxide, which reduces oxidative stress. Superoxide binds to NO with high affinity and thus renders NO unavailable for vasodilation [31, 32] . An intact NO system is necessary for antioxidants to reduce BP [37] , and in situations of chronic hypertension when endothelial dysfunction is present and NO levels have been reduced for long periods, estradiol may lose the ability to affect BP. Furthermore, an estrogen-mediated increase in superoxide dismutase may result in increased generation of hydrogen peroxide, a powerful oxidant that could offset the beneficial effect of removing superoxide.
Reductions in estradiol with menopause could affect the RAS. Animal studies have shown that estradiol downregulates AT1 receptors and angiotensin-converting enzyme (ACE) [57, 78] , thus protecting against activation of the RAS and resultant vasoconstriction. Therefore, reductions in estradiol would tend to activate the RAS. However, in normotensive postmenopausal women, HRT with transdermal 17β-estradiol and oral medroxyprogesterone reduced BP but had no effect on levels or expression of RAS components, including plasma renin activity, Ang I or Ang II, aldosterone, and ACE activity [79] . Expression of AT1 receptors was not measured in this study. In contrast, treatment of postmenopausal women with AT1 receptor antagonists improved endothelial function measured by FMD, whereas a calcium channel blocker did not [80] , supporting a role for the RAS in contributing to postmenopausal hypertension.
How androgens contribute to hypertension in women is not clear. Young women with polycystic ovary syndrome have elevated levels of plasma androgens with normal plasma estradiol levels, and yet have increased risk of cardiovascular disease in both the pre-and postmenopausal years [81] [82] [83] . Studies in which levels have been measured serially have shown that serum androgens are low immediately following menopause, but by 70 years of age, they are increased to levels found in premenopausal women [84] . The ovary in postmenopausal women is a major source of androgens [85, 86] , but increasing evidence supports local production of androgens in nonreproductive tissues, such as the kidney [87] . In addition, serum androgen levels have been shown to increase with increasing body mass index in postmenopausal, but not premenopausal, women [88] . In contrast, in men decreases in androgens are associated with increases in body mass index and obesity in men [89, 90] . Furthermore, elevated serum testosterone is associated with a higher risk of type 2 diabetes in postmenopausal women, but not in age-matched men [91] .
Role of Anxiety and Depression in Hypertension in Women
Anxiety and depression may contribute to hypertension, or conversely, women who are hypertensive may exhibit higher rates of anxiety and depression. Depression and anxiety occur at a significantly higher rate in women than in men [92] . Depression and anxiety also are associated with increased risk of cardiovascular disease. For example, individuals with bipolar disorder have an increased risk of hypertension [93] . Sympathetic activity can be increased with anxiety and chronic mental stress, leading to increased BP. This relationship has been demonstrated in individuals with the metabolic syndrome and hypertension [94] . Sustained hypertension was also found to be associated with increased levels of anxiety in a small Spanish cohort [95] . Furthermore, ACE inhibitors used for the treatment of hypertension have been found to reduce the occurrence of depression with anxiety [96] . The mechanisms by which chronic anxiety and depression cause hypertension and may contribute to postmenopausal increases in BP are not clear and should be studied further.
Conclusions
Hypertension in postmenopausal women likely has multiple etiologies and contributing factors. Women are typically more likely than men to see their health care providers and to be adherent to their medications. Nevertheless, hypertension in this group is less well-controlled than in age-matched men, suggesting that different pathophysiologic mechanisms, perhaps multiple concurrent mechanisms that require therapeutic strategies distinct from those that are successful in men, contribute to hypertension in postmenopausal women. Future studies will determine if this is the case or whether women are just not treated as aggressively for their hypertension as are men. Whatever the case, with women living longer than men, the population of older postmenopausal women is in need of improvements in therapeutic approaches to their hypertension in order to improve quality of life and prevent cardiovascular disease outcomes.
